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ABSTRACT

Several interresting planetary missions are either enabled or
significantly enhanced by nuclear electric propulsion (NI:P) in
the 50 to 100 kW power range. These missions include a Pluto
Orbiter/Probe with an 11-year flight time and several years of
operational life in orbit versus a ballistic very fast (13 km/s)
flyby which would take longer to get to Pluto and would have a
very short time to observe. the planet. (A balistic orbiter would
take about 40 years to get to Pluto.) Other missions include a
Neptune Orbiter/1'robe, a Jupiter Grand Tour orbiting each of
the mgjor moons in order, a Uranus (lbiterfl’robe, a Multiple
Mainbelt Asteroid Rendezvous orbiting siX sclected asteroids,
and a Comet Nucleus Sample, Return. “I’his paper discusses
potential missions and compares the nuclear electric propulsion
option to the conventional ballistic approach on a parametric
basis.

1. INTRODUCTION

Planetary missions using nuclear electric propulsion (NEP) have
been subjects of study for two or three decades. They have not
been seriously considered by mission planners, however,
because of the unavailability of the required technologies ancl
because therc were. plenty of ballistic missions of interest.
Further, until recently, the mission planners concentrated on
next-generation missions, with a fcw years until the mission
start, leaving too little time to influence significant technology
development. This situation hact the added disbenefit of
depriving the technology developers of the user advocacy
necessary to acquire sufficient funds for robusttechnology
programs.

With improvements occurring in al of. these circumstances, this
study was initiated with joint funding from the planetary
mission “user community"” in the Office of Space Science and




Application (OSSA)and the Office of Acronautics and Space
Technology (OAST) of the National Aeronautics and Space
Administration (NASA) and the Depariment of Energy (IDOE).
The focusison the second major mission opportunity (early
?2000s) rather than the next one (Jate 1990s), allowing time for
the results to offer technology definition, advocacy, and
development prior to a mission start.

The study objectives were designed to provide answers to the
following questions:

.Jow necessary and how wc]] is N} iPable to help execute the
missions envisioned by the OSSA mission strategists for 2.000
to 2.010 new starts?

.What can NEP technology of Year 2.000 do for a roster of
missions considered as potential candidates (Ref. 1)?

.What kind of an NEP systemisneeded to perform a mission
satisfying, at a minimum, the fundamental science objectives

mandated by OSSA?

. How much resiliency can a mission have relative to
technology uncertaintics?

.What are the implications of these NEP missions to the NASA
launch system and other elements of space missions?

2. DISCUSSION

Six missions were studied in detail, conducting parametric low-
thrust mission performance analyses and iterating, results with
technology teams at both the Jet Propulsionl.abor story (J¥1.)
and the I.ewis Research Center (1.eRC):

Neptune Orbite 1/’robe (NEO/P)

Pluto Or biter/Probe (P1.0/P)

Jupiter Grand Tour JGT)

Uranus Orbiter/1’mbc (UO/P)

Multiple Mainbelt Asteroid Rendezvous (MMBAR)
Comet Nucleus Sample Return (CNSR)

NEP mission concepts (science goals and mission scenarios) are
constructed from the current ballistic mission concepts with the
addition Of various improvements readily perceived to be
possible with NEP (Ref. 2). The improvements include more
payload, better nlission/science scenarios, more. frequent launch
opportunitics, and shorter flight times, It is clear that the



availability of high power aboard the spacecraft can change the
characteristics of these missions in more ways. It can change the
types and designs of science instruments and experiments in
more. fundamental ways due tothe added on-board power,
computing capability, and communication rates. These
beneficial effects have yet to be explored.

Nuclear power was assumed to be supplied by SP-100
derivative technology (Ref. 3) projectedto be available in the
ycar 2000. The characteristics of the baseline. SP-100
technology adapted for interplanetary missions are shown in
Table 1. Other 1eactor system technology improvements arc
expected to further reduce the power system mass. NASA
advanced technology program goals include improving the
thermoelectric material figure-of-merit () from 0.85 x 10-3/K
to 1.4, and decreasing the radiator densit y from 8.74 kg/m? to
5.5. The mass versus power is shown in Fig.1.

2..1 Thrust Subsystem Architecture

For high power NEP mission applications, a cluster of 30 cm
thrusters (see Fig.2) configured to function as one unit from a
single processor unit has been proposed by Brophy (Ref. 4).
The functionality of this engine isindistinguishable from that of
a more conventional engine configuration except that there are
multiple hollew cathodes to be controlled hem. The number of
thrusters clustered to operate as a unit is varied according to the
specific impulse and power level required for the mission. The
number of cluster units installed is determined by the total thrust
burn time requirement of the mission and the level of
redundancy intended. Since no useful reliability data exists, the
redundanc y is provided arbitrarily in the form of a 25% margin
in thruster operating life.

Asa groundrule for the anaysis, the installation of two power
processing units (PPUs), the second as a standby, is assumed.
This is regarded as appropriate because the predicted operating
life. of the PPU is much longer (5-15 years) than the thruster.

2.2 Thruster Performance Characteristics

Conservatively projected performance of the 30-cm thruster as a
function of specific impulse is characterized in Table 2. with
krypton as the propellant. The total efficiency depicted in Table
2 includes the PPU operating at 93%, efficiency. The predicted
li fetime is1(),00)0 hours.



3. RESUL TS

Mission performance characteristics for cach of the six types
of missions are given parametrically in Tables3 through 8§,
including key comments cm the results. The use of NEP with
two classes of launch vehicles, Titan1V/Centaur and Heavy
Lift launch Vchicle (111.V) with Centaur upper stage, arc
considered. Titan 1V/Centaur is the largest launcher currently
available. The capability of the Shuttle- C/Centaur, which was
under development until 1991, is uscd to represent a future
heavy launcher expected from the U.S. National l.aunch
System Development Program. Not all the missions can be
attractively preformed with the (TitanlV/Centaur + NEP)
combination; only those deemed attractive are presented in the
tables.

NEP capability, requirements, and key improvements over
ballistic missions are discussed.

3.1 Uranus Orbiter/Prob

The science objectives of the Uranus mission include studies of
the Uranus atmosphere and its satellites and ring systems. Only
avery preliminary ballistic mission concept considers an Earth-
Jupiter gravity assist trajectory and takes 15 ycars to math
Uranus. After delivering aUranus probe, the spacecraft makes
all Observations from aloose elliptic orbit, The science return IS
restricted mostly to distant flybys of satellites and observations
of atmosphere and rings. The mission dependence on Jupiter
gravity assists results in sparse mission opportunitics.

T'he NJ P mission scenario is far more rewarding scientific]] vy.
Upon arrival, the NEP spacecraft spirals gradually into the
vicinity of the planet to about five. Uranus radii. in the process,
the NIEP spacecraft releases an atmospheric probe, performs the
relay link, and subsequently rendezvous with each of the outer
five moons (which vary in radius from320 to 1010 km). In
shor t NEP offers the grand tour of Uranus satellites and rings
and delivers an atmospheric probe.

This mission is not attainable with (Titan/Centaur 4+ NEP)
within an attractive flight time. It is feasible with a
(I 11.V/Centaur 4 NEP) system anti it canbe performed
satisfactorily in 1(),5 to 14 years with a comfortable
performance mai gin.



3.? Neptune Orbiter/Probe

The fundamental mission objectives of NEQO/P arc 1) to
characterize the structure, composition, and dynamics of
Neptune's atmosphere; 2.) to study the geology, surface
composition, atmosphere, and atmospher C- surface interactions
of T'riton; 3) to study the geology and composition of other
satellites; and 4) to determine the nature, composition, and
dynamics of thering system and the interaction of the ring
material with Neptune’s magnetosphere.

The problematic aspect of the current chemical mission concept
isthe long flight time; 218 years, The orbital design at Neptune
is also severely restricted by the on-board AV capability of a
Mariner Mark 1T (MMK 11) spacecraft. 1.ike Galileo and Cassini,
the orbital sequences are built around satellite (Triton) gravity
assists tosave AV and acquire ‘ITiton science at each of the
many (= 45) swingbys. The flyby speed of Tritonis 4to S km/s.
The viable mission opportunities are very few because the,
occurrence of a favorable planetary (Farth, Venus, and Jupiter)
alignment is rare. Typically, a good launch opportunity
involving a Jupiter swingby is available for about two
consecutive years, but after that, a favorable Jupiter-Nepturlc
alignment will not recur for about another 13 years.

The proposed NEP mission consists of the deliver-y of a
spacecraft to orbit about Neptune and ‘Ititon, the delivery of a
probe into the planet’s atmosphere, and fast flybys of Neptune's
small satellites and ring systems. If a sufficient performance
margin exists, the option of a Tritonlander may be considered.
Using (111.V/Centaur -t NEP), a 1400-kg orbiter with a 376 kg
atmospheric probe and a small (50 kg) Triton lander can be
delivered to Neptune in 1 2 years.

Pluto is the last of the major plancts yet to be explored with a
spacecraft. The proposed chemical option uses a 2.001 Karth-
Jupiter gravity-assist trgjectory (13-15 year trip) and briefly
encounters the Pluto-Charon system at a flyby speed of about 13
km/s. Because of the weak gravity of Pluto, an orbiter or even a
slow flyby is extremely difficult using a ballistic mode unless a
very long flight time., approaching 40 years, is acceptable.



The science goals for this mission are 1) to study the geology,
internal structure, surface composition, and atimosphere-surface
inter actions on Pluto; 2) to map the sut face composition and
geology of Charon, and to deterinine whether surface processes
or geologic features may have resulted from gravitational
interactions between Pluto and Charon; 3) to determine the
dynamics and composition of Pluto’s atmosphere before
atmospheric collapse (between 2020 and 202 S); and4)to
conduct in-situ science with probes/softlanders cm Pluto anti
Charon,

The very weak gravitational pull of Pluto is an attractive feature
for the NEP mission design. At the arrival of an NEP spacecraft
with a V.. = O, arendezvous state is nearly achieved and will
require only a modest amount of AV to explore both Pluto and
Charon. A rendezvous mission with Charon comes first before
the spacecraft spirals into a tight orbit about Pluto. Performance
permitting, a lander may be deployed at both bodies. A lander
can provide in-situ measurements of the surface as well as the
atmosphere during its descent.

With a (Titan1V/Centaur i- NEP) an orbiter mission to Pluto
and Charon (no probes) is feasible with a 14.5-year trip.
1 lowever the performance margin is not large, (a mission may
tolerate ~15% of NEP systemn mass uncertainty, if the flight
time is increased to 16.5 years) and the probc may not be
accommodated. If the. mass growth of the total flightsystem can
be controlled and after considering the impacts of all potential
complications anticipated in an NEP mission, this may be an
carly NEP mission candidate. The reasons for an carly
application of NEPonPl.O are] ) the science content of the
mission is greatly improved over the ballistic counterpart,
orbiter vs fast flyby; 2.) it appeal-s to be feasible with the
curtently available launch vehicle; 3) the trip time. is comparable
to the ballistic flyby mission (1 3-15 years) and not too
objectionable; and 4) thereis a need for arriving at Pluto before
2020-2025.

With an (11.V/Centaur + NEP) a much faster trip time of an
11.5-ycar (without probes)mission is feasible.,, An additional
year of flight time allows the delivery of a 4 14-kg lander to
Pluto or Charon. With a 13.5-year flight a lander on both can be
accommodated. A reasonable per-for mance margin exists.




3.4 Jupiter Grand Tour

The "Jupiter Grand Tour” iISamission concept especialy made
for NEP in which the objective of orbiter observations of four
Galilean satellites is to be realized in a single launch. A satellite
orbiter riding on NEP- is to successively orbitabout Callisto,
Ganymede, and Europaand potentially 10 (if the radiation
problem can be managed). Additional rendezvous or slow
encounters of this spacecraft with other satellites arc also
expected. A more ambitious concept includes the addition of
Jovian space physics exploration (Jupiter Polar Orbiter mission
=JPO)involving two fields and particles spacecraft. This option
isnot set as the primary mission goal in this study, but in cases
where an excess performance margin exists, additional landers
or JPO spacecraft arc considered.

If we were to contemplate a mission providing equivalent
science using a chemical option, it would probably require five
Titan 1V/Centaur launches over a period of many years; four for
the Galilean orbiters anti one for J] ’(I- 1and JPO-2.

Although the performance margin is not too large (- 10%), an
orbiter class tour of all satellites (no probes) is feasible using a
(Titan1V/Centaur + NEP). The flight time is 5 to 6.5 years. This
trip time is probably acceptable, considering the significant
amount of science return expected. If an (111.V/Centaur -t NEP)
is used, the tour of all satellites is feasible with a flight time of
3.5 years. However, noting the rapid growth in the payload
capability with the longer flight time, longer flight time options
may be preferable. The addition of two -1000 kg landers for
two of the Galilcan satellites or addition of two small fields and
particles spacecraft (2.500 kg total) arc possible by choosing a
longer 5-6 year trgjectory.

3.5 Multiple Mainbelt Asteroid Rendezvous Mission

The science goals for an asteroid mission are to determine the
asteroid size, shape, rotation, albedo, mass, density, surface
morphology, surface composition, magnetic fields, and
interaction with the solar wind, Since the asteroid population is
diverse (in size, physical and compositional characteristics, and
their distance from the sun), a scientifically meaningful asteroid
mission would require sampling of a sufficiently large number
of diverse classes of asteroids. This is the overriding
requirement imposed by the asteroid science community for the
design of an MMBAR mission.




In a ballistic option using the. combination of aTitan1V/Centaur
and MMK 11 spacecraft, a the maximum, two asteroid
rendezvous can be attained. This probably will involve double
swingbys of Mars and take about eight years to attain. The
capability of a chemical propulsionsystem also limits the
encounters to asteroids residing only in the innermost asteroid
belt.

NEP with its large AV capability offers the opportunity to not
only capture more targets, but aso selective targets of interest.
Vesta and Ceres arc two asteroids most frequently mentioned as
desirable targets. As an example, to demonstrate the potential of
NEP in performing an MMBAR mission, a rendezvous
sequence builtaround these asteroids is considered in this study.
The proposed NEP mission concept consists of sending one
orbiter spacecraft and, optionally, a number of landersor
penetrators. The spacecraft will observe an asteroid for a
nominal dur at ion (= 60 days minimum) from a rendezvous state
(=0 relative velocity) and then move cm to the next target.

It is indicated that a mission involving six highly desirable
targets is made in 13.5 years and is within the reach of a (Titan
1 V/Centaur + NEP) system. Although only asmall performance
cushion is indicated in Table 7, there arc anumber of ways that
arc available to maintain the viability of this mission, such as
change of targets, longer flight time, or even reducing the
number of targets. Note also that flybys of asteroids of
opportunity are available to further enhance the science return.
This is perhaps the best choice for the first NEP mission
becauvse it uses an available launch vehicle; the first asteroid
data isexpected about 2 years after launch; anti it is resilient to
errors due to preflight mass growth or inflight performance
degradations. One can continue with the mission at a slower
pace and clioose alternate targets as it proceeds. Given an
(HI .V/Centaur 4+ NEP), MMBAR can be accomplished in a
slightly shorter flight time compared to the case! when a Titan
1V/Centaur isused. However, no significant increase in payload
margin is observed. The indication is that shortening the flight
time beyond the natural boundary or @aming for hard-to-access
targets because they are more desirable are accompanied by a
stiff performance penalty. The natural transfer time between
asteroids is about half tbc orbital period of tile asteroids, i.e.., 1,5
years in the inner belt to 2.5 years in tbc mici-belt. On the

average, 2 years pcr target is expected.



3.6 Comet Nucleus Sample Return

The primary objective of a CNSR mission is to return to Earth
pristine samples of comet sur face material, core material, and
volatiles.

Rallistic CNSR performance possibilitics have been studied
quite extensively by Saucr (Ref.5). A lack of opportunity to
access desirable targets appears to be the main drawback. The
capability of the presently available Titan1V/Centaur is such
that a mission is possible only with multiple gravity assists of
venus and Earth, resulting in flight times of 8.5 to 10.5 years. If
an H1.V/Centaur class launch vehicle becomes available, CNSR
missions to a few relatively easily accessible cornets arc
possible using a AV-EGA traectory with a typical round trip
time of 7 to 8 years.

One NEP version of the mission may be as follows: 1) NEP, a
main spacecraft, a lanclcr-sampler, and an Earth-return capsule
(acrocapsule) will be sent to rendezvous with a cicsil-able
(relatively active/new) comet; 2)the main spacecraft is used for
round trip guidance, control, command, and communications; it
also performs the high resolution imaging needed for site
selection; 3) the main spacecraft remains with NEP; 4) the
lander vehicle with the Earth-return acrocapsule lands on the
cometand collects samples, the lander will be left on the comet;
5) the acquired samples and I{ arlh-return capsule are designed to
ascend fromthe comet and dock with the main spacecraft to
travel back to Earth using NEP; 6) upon arrival at Earth the
sample. capsule may be released for direct atmospheric entry or
captured via on-orbit recovery. One anticipated benefit of NEP
is to gain frequent opportunity to access a greater number of
comets of interest (active, fresh comets). Additionally, the
preservation of the sample during the return trip is made easier
with the ample power of NEP. If direct-Earth entry can be
avoided with an on-orbitrecovery, NEP will be helpful in
attaining the kcy science goal of “pristine. sample preservation”
by not subjecting the sample to the high shock environment of a
direct-]{ alth entry.

An acceptable mission with (HI. V/Centaur + NEP) will require
a flight time of 6.7 to 7.6 years for the examples used. This is
associated with aclass of trgectory (called indirect, scc Fig. 8)
requiring about 1.5 revolutions about the sun in going to the
comet. No significant performance margin is indicated. An
additional margin, if needed, will require another class of




indirect trajectory involving1.5rev about the sun for both the
outbound and the inbound legs and would take nearly two years
longer-. The NEP system requirement for (his mission is
different from the other NEP missions. The Isp is relatively low
(<5000 seconds), and the thrust time is shoit; ~4 years
compared to other missions. The reason for the above behavior
can be attiributed to the eccentric nature of the comet orbit.

4. NI;}}’TARAML,TIX SUMMARY

Basedupon the performance assessment made above, the
delineation of NEP system design parameters best suited for
various missions is made and summarized in “J able 9. A range
of parameters rather than a single design point is provided. The
firstentry corresponds to the shortest flight time (except for
JGT) and the nominal design point. The second entry represents
a design point if the worst (but tolerable) fall back position is
taken.

Given an 11l .V/Centaur launch vehicle, all missions can be
performed with a100-kW space reactor power system (SRPS).
The nomina (full-power, life-time) capability of about (8,15)
years satisfies the requirements of all nominal missions. ‘i’he
thrusters should be operating at about 8000 seconds for JG'T and
outer planetary missions. 1sp for MMBAR and CNSR are low,
5000 to 6000 seconds. The thrust subsystem entails fifty to
seventy 30-cm thrusters (ion sources) depending cm the mission.
If the nominal NEP mass characteristics are not met, longer
thrust times, longer life times and more thrusters are implied to
further compound the design problems.

To do the MMBAR, ‘PLO, and JGT missions with a Titan
1V/Centaur, the optima] power level of SRPS is about 40-60
kW. A full power time of 8 years is acceptable but the long
mission time for P1.O dictates a lifetime of 15 to 16 years. The
number of thrusters involved is about 40 maximum.

The design parameters suggested above represent a “near
optimal” set of designparameters. The characteristics of low
thrust mission performance are such that the performance
degradation is not severe as onc deviates from these design
points. 1If some design paramecters are difficult to meet, the,
imposition of a constraint is a possibility. The degradation in
performance due to a constraint, e.g. thrust time, can be made
up easily with re-optimizedlsp, }'(), or FI' etc. as long as the
constraint is not drastically different from the optimalvalue.




5. TRAJECTORIES

An example heliocentric trgjectory for each mission is provided
in Figures3 through 8. “Thirust-coast-t hrust” isthe common
thrust profile, needed for rendezvous and Ve, = O planetary
encounter trgjectories. Due to the low level of NEP thrust and
the. near zero Earth escape energy, the spacecraft needs to spiral
about the sun for a while to gather enough energy to hcad
towards the outer planets. Note that a scenario with many thrust
on-off cycles isinvolved in the MMBAR mission. Although no
actual planetary phase thrust profile can be generated at present,
multiple encounters with satellites (e. g., JG'T') would dictate the
same type of requirements.

6. CONCI USIONS

The applicability, benefits, and requirements of NEP for a set of
important solar system exploration missions have been
examined assuming conservative_ projections of current S1'-100
based space nuclear power technology and 30-cmring-cusp
thruster technology with the expectation that the first NEP
mission may be launched in the year -2005 (Progr am New Start
year 2000).

It can be conducted that all of the missions can be pm-formed
with reasonable confidence (i.e., a tolerance for an NEP system
mass uncertainty of ~30%) if a heavy lift launch vehicle with
the capability of a Shuttle C/Centaur or better becomes
available, The SRPS power level of 100 kW can accommodate
all missions. The mass characteristic of the nominal dry NEP
system is a specific mass of -57 kg/kW. ‘I"he assumed thruster
life is 10,000 hours with a margin of 25% (effectively 7500

hours).

Given a Titan 1V/Centaur and about a 50-kW NEP system, it is
possible to perform missions MMBAR, P1.O, and JGT,
although the performance margins are relatively small (-15%).
These missions may be a natural choice for early NEP

applications.
6.2 Mission Improvements Qver Ballistic Options

In addition to far better science, NEP is able to remove most of
the perceived difficulties and dilemmas of the missions



associated with current MMK 11 derived ballistic approaches,
specifically: 1) NEP enables aPluto orbiter mission; 2.) it
provides shorter flight times for Uranus (1 0.5 years vs 15
years), Neptune (12- 15 years vs >18 years), and Pluto (1 1.5-15
years VS -40 ycars for an orbiter mission); 3) it allows for
orbiter missions to the major satcllite s of Jupiter, Uranus,
Neptune, anti Pluto vs flybys; 4) it enables a multiple. body
mission in the Jupiter Grand Tour and Uranus Olbitcr/Probe
with one launch and a multiple asteroid-of-c}~oicc for asteroid
exploration with a single launch; and 5) them are more frequent
launch opportunities.

The cm-rent mission objectives can be attained without an Farth-
spiral escape operation.
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“I"able 1. Baseline SP- 100 Technology Adapted for NEP Interplanetary Missions

.Deleted Armor for Protection Against Earth Orbital Debris

.Deleted Auxiliary Cooling Loop

.Jettison Reentry Heat Shield After Earth Escape

.Assumed End of Mission Reactor Coolant Temperature of 1400 K

.Mission Operating Time/I .ifetime 7/1 O and 10/14 Years

.Thermoelectric Material Figure-of-Merit () 0,85 x 10-3K-!

.User Plane Self-induced Radiation 5 x10° rack (Gammas)and 1 x 1013 N/cin? (Neutrons)
.Radiator Density 8.74 kg/m? (Current SP-100 Design)

. Separation Distance 22 m
.Main Bus Voltage 200 Vgc

Table 2" 30-cm Ring-cusp Thruster Performance Characteristics .

Isp (s) Power Input to PPU (kW) Total E fficiency (%) ..
5000 8.3 64
6000 10.0 67
7000 11.7 68
8000 13.3 69
9000 15.0 70
10000 16.7 70




Nomenclature {or perfonipance summary tables

FTI Heliocentric ransfer time N; Total no. of thrusters (ion sources) installed
Fr Flight time including planetary spiral phase Nppu No. of power processor units installed

VHL Earth escape Voo MO Launch mass minus adapter

PO Input power to PPU Mp Propellant mass

ISP Specific impulse Mpp SR1% nuass

Py Thruster power rating My Thrust subsystem dry mass (including tankage)
Po Operating power level of thruster Mpgp  Total NEP system mass (dry)= ( Mpp+Myyp)
T*, Thruster life at operating power My, Payload delivered to final otbit

Tp Total propulsion time Vac Total characteristic velocity of the mission

No No. of operating thrusters in a unit cluster

Table 3. Uranus Orbiter/Probe Performance Summary _
Requirements:  Mn,>]410 kg (note: probe released from highaltitude orbit-24 R,,)

UO/P with (Titan |V/Centaur +NEP)
Fr FI1 VHI. PO ISp PR Po ’I‘L ’]‘p NO Nl NP}'U MO Mp Mpp M']" MN}J_p MPL VAC

O ) gnve Gw) () kw) xw) OM)  Om) og) k) (g () kg) k) Fw

14.0 16.4 1 .)3 52 10000 17 13 147 121 4 44 2 8846 2828 2936 1116 4051 886 39.6
145 171 14 50 10000 17 17 115 123 3 42 2 8811 2757 2895 1074 3969 1004 38.6
15.0 17.7 15 48 10000 17 16 119 125 3 42 2 8782 2694 2860 1054 3914 1093 378
155 18.3 15 46 10000 17 15 123 1?26 3 39 2 8763 2642 2832 1012 3844 1196 37.0
16.0 189 16 45 10000 17 15 126 127 3 39 2 8757 2603 2810 999 3809 1264 36.4
165 195 15 44 10003 17 15 1.28 129 3 39 2 8774 2584 2797 990 3787 1322 36.0
17.0 20.1 08 42 10000 17 14 136 148 3 42 2 9021 2814 2825 1017 3841 1285 385

175 208 08 40 10000 17 13 141 152 3 42 3 9005 2774 2799 1165 3964 1186 379
180 214 09 39 10000 17 13 1.46 155 3 42 3 8985 2728 27/4 1144 3919 1257 373

Comments:
»NoO acceptable performance for the proposed scenario.
' Less demanding mission might be considered. .

JO/P with (HL.V/Centaur +NEP)

FI Fr1  VHL PO ISp [ P, Ty, Tp N, Ny Npy My Mp Mpp My Mgpe My, Vac
O0r)  Om) Qs (kw)  (sec)  (kw) (kw) (yn)  (yp) G Gp  p (g ) kp OV
)
10.0 114 19 99 8086 13 12 124 80 8 7 2 2 13511 5474 3704 1986 5689 1267 42!
105 121 19 98 8365 14 14 114 83 7 70 2 13534 5231 3703 1936 5639 1583 dl.
11.0 12.7 19 97 8601 14 14 118 86 7 70 2 13626 5071 3713 191/ 5630 1844  40.
1.5 133 1.6 98 8831 15 14 120 89 7 70 2 13885 5045 3760 1921 5681 2078 40.%
12.0 13.9 0.8 101 9356 16 14 124 103 7 77 2 14588 5328 3942 2031 5973 2206 42.8
.- 12.5 14.6 0.8 98 9752 16 14 .132 110 7 7/ 2 14500 5134 3952 1992 5944 2431 42¢

13.0 15.3 0.9 96 10093 17 16 120 116 6 78 2 14553 4913 3945 1961 5906 2653 41.5
135 160 0.9 94 10388 17 16 126 120 6 72 2 14510 4704 3931 1873 5805 2920 41.1
14.0 16.6 1.0 92 10640 18 15 132 123 6 72 2. 14472 4521 3915 1841 5756 3114 402
14.5 17.3 1.0 90 10855 18 18 114 126 5 70 2 14451 4371 3901 1797 5698 3301 395
150 179 10 89 110s0 18 18 118 12.9 5 70 2 14460 4258 3896 1777 5673 3448 389
5.5 185 0.9 88 11274 19 18 121 134 5 70 2 14535 4200 3917 1767 5684 3570 38.8
160 192 06 88 11761 20 18 127 14.7 5 75 2 14712 4223 4012 1809 5821 3587 401
Zomments:

Minimura flight time= 10.5 years, mission time - 12.5 years.

Can tolerate NEP mass uncentainty of 30 % @ F1'=14 years.

Non, inal PO~ 100k W, ISP~8500 sec.
_Viable option o B




Table 4. Neptune C)rbitcr/? robe Performance Summary

Requirements:  M,,,214 10kg (note: Neptune probe released on approach )

NEO/P with (Titan IV/Centaur 4+ NEP) ) .

FI'  FIt  VHL PO ISP Pa P, Ty Tp NO  NyNey M. My My M M My, TAC
Om) G s Gew) (See) &w) (kw) oD O k) G® G Gp  Gp
16.0 16.9 11 58 10000 17 14 131 116 4 48 2 8923 3035 3054 1219 4274 1238 41.0
165 175 1.2 56 10000 17 14 137 118 4 44 2 8901 2963 3010 1159 4170 1392 40.0
17.0 18.0 1.3 54 10000 17 13 142 119 4 44 2 8878 2891 2971 1137 4108 1503 38.9
175 18.6 13 52 10000 1713 146 120 4 44 2 8856 2823 2936 1116 4052 1605379
180 191 14 50 10000 17 13 151 121 4 44 2 8837 2760 2905 1099 4003 1698 37.0
. minimum flight time=:17 years, total mission time -19 years. o
. Pmactically no performance margin

« Not a viable >tion. o
NEO/P with (HL V/Centaur +NEP) _

Fr FIT VHL PO IsP P P, 10T 1 NO TNy Npy Mo M Mp My M * My AC
) O Gws Gw)  (sec) (w) (kw) O ) 6 G G® G G k) W
)

115 120 19102 7565 13 11 127 77 9 72 2 13548 6185 3741 2078 5818 1169 45.4
120 125 19 101 7826 13 13 L.17 79 8 7 2 2 13580 5901 3745 2046 5190 1513 44.0
25 131 19 100 8051 13 13 12 81 8 72 2 13623 5664 3746 2018 S163 1820 426
130 136 18 100 8248 14 12 125 83 8 2 13693 5477 3748 1996 57442096 41S
135 14.1 17100 8428 14 12 129 84 8 2 13813 5349 3760 1982 5142 2346 40.7
140 147 1.5 101 8637 14 14 114 88 7 70 2 14073 5331 3806 1970 5776 2590 405
145 152 08 102 9136 15 15 119 100 7 77 2 14592 5517 3949 2059 6007 2692 42,7
150 1S.8 08 100 9476 16 14 125 107 7 77 2 14615 5358 3959 2026 5985 2896 42.6
155 164 08 98 9755 16 14 13311 7 77 2 14599 5167 3953 1992 5944 3112 420
16.0 169 08 9 9996 17 16 119 115 6 78 2 45'/5 4978 3940 1968 5908 3313 41.1
, Minimum flight time=12 years, total mission time -14 years.

, Addition Of a Triton lander possible @ F1'= 13.5 years, totalmissiontime - 15.5 years.

, Can tolerate NEP mass uncenainty of 30 % @ F1=15.5 years, but thrust time and missiontime is longer.

Nomin al PO ~ 100 kW, ISP ~8000 seconds.

Viable option

Table 5. Pluto Orbiter/P(optional lander) Performance Summary
Requirements: Mp 21410 kg
PL.O/P with (TitanIV/Centaur 4+ NEP)
FI  FIT VHI. Po  1sP P P, T, Tp N, Ny Ngy MO Mp  Mp My Magp My, VAC
o) (y7) kmis (kw) (See) &kw) (kw) (yr) (yr) g  Gp) kp () (g G
y o,

135 135 24 58 8095 13 12 132 78 5 40 2 8315 3134 2844 1162 4006 1175 37.6
140 140 24 57 838 14 11 137 79 5 40 2 8303 3009 2829 1143 3972 1322 364
145 145 24 56 838 14 11 14 80 5 40 2 8301 2905 2815 1127 3942 1454 35.3
15.0 15.0 24 56 8461 14 14 115 80 4 36 2 8314 2822 2804 1079 3883 1609 34.4
155 155 23 55 @856 14 14 118 81 4 36 2 8351 2763 2800 1070 3870 1718 33.7
160 160 10 58 9390 16 15 122 103 4 44 2 8967 3075 2989 1192 4181 1711 387
6S 165 10 57 917 16 14 128 106 4 44 2 8952 2964 2980 1172 4152 1836 37.9
170 170 11 56 9812 16 14 133 109 4 44 2 8931 2856 2968 1152 4120 1955 37.1
175 17.s 12 55 9979 17 14 1.38 111 4 44 2 8909 2755 2953 1134 4087 2067 36.2
18,0 18.0 1.2 54 10121 17 13 143 112 4 40 2 8887. 2662 2937 1083 4020 2205 35.3

Orbiter 15 a NEP enabled wmussion mode.
. Minimum flight time=:14.5 years, totai mission time -16.5 years.
. Feastbility indicated but margin may notbe sufficieat.
. Nominalpo ~ 55 kW, ISP~8400 sec.
+May be aviable and attractive option if mass growthin all components can be_controlled.




lable 5. Pluto Orbiter/P(optional lander) Performance Summary (continued)
Requirements:  M,,21410 kg

PI.O/F with (HI.V/Centaur +NEP) _

FI FIT VHL PO 1sy  Pg P, 1 Tp N, N Npy Mg Mp  Mp M, Mgyp Mp, ‘AC
o 67 om)m (kw)  (sec)  (ew) (kw) (yr) (yn) x0 g G k) kg Gp O
110 110 18 103 6884 11 11 114 68 9 7 2 2 13659 6671 3682 2132 5813 1175 452
115 115 18 103 7157 12 11 119 70 9 72 2 13706 6337 3691 2097 5/88 1581 436
120 120 1.8 102 739% 12 11 124 72 9 7 2 2 13734 6034 3691 20752 5753 1947 420
12.5 12.5 1.7 101 7602 13 13 1.15 7.3 8 64 2 13761 S170 3684 1961 5645 2346 405
130 130 17 100 777 13 12 118 74 8 64 2 13798 5547 3675 1933 5608 2643 39.2
135 135 17 99 7929 13 12 122 75 8 64 2 13857 5368 3658 1910 5578 2911 38.1
140 140 16 99 8070 13 12 124 77 8 64 2 13955 5238 3659 1894 5563 3154 37.2
145 145 14 99 8245 14 12 127 79 8 64 2 14163 5197 3697 1894 5591 3375 37.0
15.0 15.0 08 100 8736 15 14 116 91 7 7 0 2 14610 5371 3826 1971 S197 3442 39.3
155 155 07 98 9077 15 14 123 97 7 7 0 2 14647 5240 3839 1941 5780 3627 394
160 160 07 9 9335 16 14 129 102 7 70 2 14638 5067 3831 1909 5740 3831 38.9

« Orbiterisa NEP ensbled missionmode.

+Minimunn flighit tirne=11.5 yesrs, total gnission titne -13 years.

+ Lander for both Pluto and Charon possible @ F1=13.5 years, and mission time -15 years.
« Nominall PO ~ 100 kW, ISP~ 7200 scc.

+ Sufficient margin, valid option.

Table 6. Jupiter Grand Tour Performance Summary .
Requirements: My, > 1434 kg (Excess performance arc for probes or for two JPO spat.e.craft )

. JGT with (Titan IV/Centaur 4+ NEP) S
FI T VH PO ISP Pg P, Ty Tp NO N; Npny Mg Mp My My Mape Mg, (:.'.\./(3)
Om) () &mus (kw) (sco) (kw) (kw) (yr) (vr) (kg) kg) Op () (g (p)
)
450 75 23 62 7s19 13 12 116 66 5 40 2 8363 3232 2855 1205 4059 1072 36.3
475 82 2.3 60 8122 14 12 128 74 5 40 2 8340 3030 2857 1168 4025 1285 36.0
5.00 8.9 23 58 8653 14 12 141 82 5 4 0 2 8339 2S69 2864 1138 4003 1467 35.8
525 96 25 55 9164 15 14 126 89 4 36 2 8204 2654 2847 1061 390s 1612. 351
5.50 10.4 28 53 9650 16 13 139 96 4 36 2 8055 2463 2828 1022 3850 1742 345
5.75 11.1 2.9 50 10081 17 13 152 103 4 36 2 7919 2708 2811 988 3799 1812 341
.- 500 117 31 49 10424 17 16 122 108 3 36 2 7823 2198 2801 964 3765 1860 33.7
.5.25 123 31 48 10655 18 16 127 112 3 36 2 ?189 2138 2799 952 3-/50 1901 335
6.50 1?.6 31 48 10778 18 16 129 114 3 36 2 7820 2124 2807 949 3756 1940 335
675 129 29 48 10812 18 16 127 115 3 36 2 7920 2154 2826 957 3783 1983 337
. mummunm flight tme= 5 years, total mission time -10 years, spiral tune at Jupiter islong. T
. Satellite orbiter [our (no additional payload) seem feasible, butmarginisnot large.
o Nominal PO ~ 60 kW, IS P- 8500 sec.
. Modest performance but science return isstill significant.
| ' Tightcontrol of Mass growth is necessarytobe valid, —




Table 6. Jupiter Grand Tour Performance Summary (continued)

Requirements: My >1434kg (Fxcess performance arc for probes or for two JPQ spacecraft )
JGT with (HLV/Centaur +NEP)
FI'  Fi1  VHL. PO ISp Pg P, Ty Tp N, NI Npy Mg Mp Mg My Map My, Yac
oy (yn) ¢..;/. kw)  (sec)  (kw) (kw) (yD)  (yr) &) G kR R g &g G
328 71 5.8 48 8145 14 12 1.28 6.8 4 28 2 6971 2232 X87 895 3482 1257 30.!
350 7.6 5.7 49 8418 14 12 131 71 4 28 2 7142 2219 2615 S98 3513 1410 30.;
375 7.7 5.8 52 8347 14 13 1.21 70 4 32 2 7577 2385 2681 977 3658 1534 30.
4.00 7.7 51 58 8143 14 12 134 68 5 3 2 8178 2658 27/4 1072 3846 1674 314
4.2s 7.7 4.6 6.5 7845 13 1 135 6.4 6 3 6 2 9079 3103 2918 1190 4108 1868 32.2
450 7.4 1.6 104 7521 13 12 1.23 66 9 63 2 13891 5517 3692 1959 5651 2723 37.3
4.75 8.0 17 101 8018 13 13 121 7.3 8 6 2 13760 5131 3673 1900 5573 3056 36.7
500 87 19 97 8491 14 14 .17 79 7 63 2 13600 4781 3649 1828 5477 3342 361
525 94 20 93 8918 15 13 1.27 85 7 63 2 13438 4486 3625 1772 5397 3555 355
550 99 21 91 9270 15 15 117 9 06 6 02 13327 4270 3609 1705 5314 3743 35.1
5.75 10.4 21 89 9525 16 15 122 9.3 6 60 2 13314 4150 3610 1682 5292 3872 34.9
6.00 10,8 20 89 9688 16 15 124 96 6 60 2 13421 4123 3631 1680 5311 3987 349
6.25 111 18 91 9772 16 15 1.23 9.8 6 60 2 13692 4203 3682 1701 5384 4105 351
6.50 113 09 97 9s09 16 16 .15 101 6 66 2 14514 4602 3848 1841 5689 4223 36.7
. Minimum flight time=3.5 years, total nussion ime ~10 years, spiral time at Jupiter is long. —
.Longer IF1I' (~ 5 years) may not be objectionable. Note the steep payload increase with FI. Case with longer 1'1” should be nominated
because of increased science retum
.More dexnanding mission wirh - two landers or two fields and particles spacecraft (totalling 2500 kg) is possible. atFFI=6 years.
, PO and ISP vary relatively widely with FT.
» Amiple mariin exists to perform a the basic mission.
I’able 7. Multiple Mainbelt Asteroid Rendezvous (optional landers) Performance Summary
Requirements: My > 1395 kg (Fxcess performance arc for penctators)
AARAD AD wiith (Titan IN//Cantawr 'NH_“. )
13:AL _
Amulthea S Vesta 1,21 Luthetia 1-Ceres 68-Leto 45:Eugenia 7
2722 1%’/ f 1728 8/08 8/18 1215
2000 I' 2012 2013 2015 2018
i i T G S g,
R DSt W] S BRI IR R
FI' FIT VHIL Po ISP Py P, T, Tp N, Nj Nepy Mo Mp  Mpyp My Mage Mg, VAC
Or) (yr) &ns (kw) (se) kw) kw) (yr)  (yr) (x kg) (g (g G &g “’)'“'
)
13.4 13.4 29 40 5335 9 8 1.26 5,0 5 25 2 7931 3185 2348 890 3238 1508 26.9
. Multiple rendezvouswith highly desirable targets can be adequately acéompli shed with this system.
. Although mass marginisnot indicated in the table, it may be obtained with alternative targets and longer F1' or dropping onetarget
- - . Nominal PO=40 kW, ISP=5300 sec. (small compared tO other missions)
. Thrusttime ismodest, but F-I" islong (on the average 2 years pertarget).
. Bestmission for a first NEP application. ____J
MMBAR with (}11.V/Centaur +NEP)
Rendezvous Seqence and Performance.
BODY Farth 4-Vesta 9-Metis {  21-Luthelia 102-Miniam ¢ 1-Ceres { 68-leto
RENDEZV- 1/07 "o, - A § : 1/08 531 8R14 /19 197"
OUSDATES | 2005 | 2 2010 012 b 2014 2016
R—.4 8 I < £ G S
RADIUS i . i { § S16 | 64
FTFIT VHL PO ISP P8P, T, Tp N, N Nppy My Mp M My Mue M Vac
(1) (y) &mis (kw)  (see)  (kw) (kw) (yr}  (yn) T ) kg Gp G cag 0O
) )
11.0 11.0 0.1 93 6023 10 9 1.23 6.3 10 70 2 14827 7307 3437 2088 5524 1996 40.1
« Perfonnance unprovement over TittanIV/Centaur + INEP«case s not significant.
+_Norinal PO = %0kW, ISP =~ 6000 sec.




Exampie"¥inRgions

Table 8. Comet Nucleus Sample Return Perforimance Summary

Requirements:

CNSR with (HLV/Centaur + NEP)

Comet Launch Date - Comet Date —
Tempel 2 (12) 4/05/2005 9202 008 ~
Tempel 2 (12) 6/24/2004 8/26/? 008

Tsuchinshan 2 (I'S2) 11/03/2005 5/23/'2008
Tsuchinshan 2 (1'S2) 12/1672004 12/0 1/2008
Kohoutek (KOH) 872912007 8/01/2010

Kohoutek (KOH) 10/28/2006 11/13/2010
Kopff (KOPF) 2/24/2009 7119/ 2012
Kopff (KOPF) 5/19/2008 8/08/' 2012
Wild 2 (W2) 10/22/2009 3/05/'201 3
Willd 2 (W2) 2101/2009 3£222013

" Earth Return Date . —

27247201 1
2/24/2011
712012012
712012012
5/31/2014
5/31/2014

1 2/20/2015
12/20/2015

8L20/2016
9/19/2016

Mpp, = 1800 kg (note: 500 kg lander/sampler left on comet )

N, N Npy Mg

Map Mp,

Comet FI VML pg ISP Pg ~ P, T ; Mp  Mp My ~AC
(yr) () Gw) (sec) W) (kw) (yr) xg) (kg) (k) (kg) kg) xg) (krn/a)
12 59 26 86 4749 8 8 116 Gn 11 44 2 12651 5824 3353 1671 5024 1303 29.7
12 6.7 0.8 92 4773 8 8 1.18 3.8 12 48 2 14589 6866 3476 18S1 5328 1895 30.6
182 6.8 3.1 83 452.5 8 8 114 2.7 11 33 2 11838 4994 3291 1475 4766 1578 25.2
152 7.6 0.9 9% 5067 8 8 1.20 39 12 60 2 14559 6659 3562 1971 5533 1867 31.3
KOH 6.7 3.S 76 4560 8 7 125 27 11 33 2 10996 4513 3156 1376 4531 1452  24.6
KOH 7.6 0.8 95 5076 8 8 >R 39 12 60 2 145/0 6548 3539 19s1 5491 2031 30.6
KOPF 68 24 91 4493 7 7 1.22 2.9 13 39 2 12884 5800 3450 ,665 51158 469 272
KOPFE 7.6 0.9 94 4960 8 8 1.20 39 12 60 2 14562 6574 3521 1955 5476 1912 309
w2 6.8 2.0 95 4493 7 7 1.17 2.8 13 52 2 13464 6057 3540 1838 5378 1529 27.1
W2 7.6 0.8 94 4983 8 8 120 38 12 48 2 14567 6548 3525 1842 5367 2152 30.0
vEt“O"HHCﬂlS: ' o T
. Direct and indirect class Of trajectories arc considered. The first entry for each targetisthe direct mode, and the 2nd the indirect.
. Indirect trajectory with FI' of 6.7 to 7.6 years is required to satisfy the payload requiremnent.
« Norinal PO ~ 95 kw, ISP »~ 5030 dec.
. Perforinance margin will require longer F1" and other classes of trajectories. To be investigated.
. Thrust time ~ 4 years _ . o L
Table 9. Summary of NEP System Design Parameters
""" Mission __uop 'NEO®P PLO/P PLO/P IGT
Lv HLV HLYV Titan IV HL.V Titan 1V
FI (yr) 10.5-14. 12-15 145 11.5-14 5-7
PO (kw) 98-92 101- 100 56 103-99 58-48
ISP (sec.) 8400 - 1 0000 7800-9500 8400 7200 - 8100 8700-10000
N1 70- 78 72-77 40 7? -64 40-36
Tp (yr) 8.3 -12.3 7.9 -10.7 8.0 70 -7.7 8.2 - 115
Mission Time (yr) 14 -19 14.5- 18 16.5 13-16 __ 12-15
Mission IGT MMBAR MMBAR CNSR
Lv HLV Titan IV HLV - HLV
FI (yr) 5-6.5 13.5 1 6.7-7.6
PO (kw) 97-97 40 93 92-96
ISP Sec.) 8500- 9800 5300 6000 -5030
Ni 63-60 25 70 50-60
Tp (yr) 7.9- 10. 5 6.3 4.0
Mission Time (yr) 11-14 135 11 8




